This paper presents the computational electromagnetic dosimetry inside an anatomically based pregnant woman models exposed to electromagnetic wave during magnetic resonance imaging. The two types of pregnant woman models corresponding to early gestation and 26 weeks gestation were used for this study. The specific absorption rate (SAR) in and around a fetus were calculated by radiated electromagnetic wave from highpass and lowpass birdcage coil. Numerical calculation results showed that high SAR region is observed at the body in the vicinity of gaps of the coil, and is related to concentrated electric field in the gaps of human body such as armpit and thigh. Moreover, it has confirmed that the SAR in the fetus is less than International Electrotechnical Commission limit of 10 W/kg, when whole-body average SARs are 2 W/kg and 4 W/kg, which are the normal operating mode and first level controlled operating mode, respectively. key words: magnetic resonance imaging (MRI), birdcage coil, pregnant woman, fetus, specific absorption rate (SAR) 
Introduction
In recent years, various types of imaging systems have been employed for diagnosis of diseases on the medical field. They are ultrasonic pulse-echo technique and X-ray computed tomography, positron emission tomography, magnetic resonance imaging (MRI) etc. In those techniques, MRI is one of diagnostic modalities to obtain detail images of the human tissues and anatomical structures, without using ionizing radiation. The MRI system is composed of several important units including radio frequency (RF) technologies such as RF coil [1] . Several kinds of RF coils are developed and selected according to the imaging portion of the body. During the magnetic resonance (MR) imaging, the RF coil radiates pulsing electromagnetic (EM) waves (RF pulses) to the human body and in response receives the nuclear magnetic resonance signals emitted from the nuclei, which constitutes the human body. Here, according to shape of the RF pulses, various types of images inside the body can be obtained. In general, although widths of the RF pulses are narrow, their amplitudes are not so low. Therefore, it is necessary to estimate the specific absorption rate (SAR) in the human body due to the radiated EM energy from the RF coils. Until now, the SAR evaluation in the human head has been studied during MR imaging [2] - [6] , and the restriction of SAR for the safety of patients has been established as the International Electrotechnical Commission (IEC) standard [7] . Recently, MR imaging is employed not only for the head but also for various portions of the body, because the MRI system tends to generation of high quality images and reduction of imaging time. Especially, in this paper, the SAR distributions in a pregnant woman and her fetus are investigated. In general, an ultrasound diagnostic system is used for the medical examination of the pregnant woman. However, the MR imaging is sometimes chosen for the medical reasons, when the diagnosis with ultrasound is unclear for diagnosis of fetal anomaly [8] - [10] . Moreover, several researchers have been suggested that there is uncertain regarding the risk posed by MR imaging to the fetus [11] .
Therefore, over the past few years, several studies have been made on the SAR evaluation of pregnant woman and her fetus due to the radiated EM energy from the RF coil [12] - [14] . In these studies, the SAR estimation was investigated about the local average SAR and the average SAR of fetus by employing abdomen model. Hence, the evaluation on the local peak SAR in fetus and pregnant woman was hardly investigated. Furthermore, in some studies, fetus model used for the calculation was a simple structure model that had not anatomical structure. Meanwhile, a realistic whole-body pregnant woman model including an anatomically fetus model for EM dosimetry has been developed by the National Institute of Information and Communications Technology (NICT), Japan and Chiba University [15] . The authors studied the fundamental investigations on the SAR calculation using the whole-body pregnant woman model by RF coil [16] . Additionally, our previous study regarding the SAR evaluation in pregnant woman exposed to the EM wave from communication devices are described in [17] . Consequently, the SAR inside a fetus is calculated using a wholebody voxel model of a pregnant woman positioned close to a dipole antenna and planar inverted F antenna.
In this paper, the SAR distributions in the pregnant woman and her fetus exposed to the EM waves from the RF coil were calculated employing the two types of different pregnancy stage high-resolution whole-body pregnant woman models. As the purpose of this paper is concerned, it is necessary to discuss both viewpoints of the local SARs and the average SARs in detail. In addition, two types of birdcage coil were employed for these calculations. In Sect. 2, the two types of woman models of different pregnancy stage and two types of configurations of a birdcage coil for MRI system are explained. In Sect. 3, the SAR distributions in these models are discussed. Finally, conclusions are presented in Sect. 4.
Numerical Calculation Method and Calculation Models

Calculation Method
In the numerical calculation, the electric field in and around the coil is analyzed by the finite difference time domain (FDTD) method [18] and the EM energy absorption rate (SAR) is calculated from the following equation:
where σ is the conductivity of the tissue [S/m], ρ is the density of the tissue [kg/m 3 ], and E is the electric field (rms) [V/m]. The SAR takes a value proportional to the square of the electric field generated inside the human body and is equivalent to the heating source generated by the electric field in the human tissue. In addition, it has been confirmed that the result of numerical calculation corresponded with measurement result employing tissue-equivalent solid phantom [19] .
Realistic Woman Models
As stated above in this paper, the SAR distributions on two types of realistic woman models are calculated. Here, the realistic high-resolution whole-body voxel model of an adult Japanese female average figure, developed at NICT [20] is used for the calculation of the pregnant woman in early period (Model A). The size of fetus (embryo) in early period is very small, hence it is difficult to confirm pregnancy status. Therefore, it is considered that the person, who does not notice her own pregnancy state, uses MRI. Moreover, the 26th gestational week pregnant woman model (Model B) [15] - [17] is employed as one example of late pregnancy stages. In order to develop this model, first, the fetus model is developed from the MR images of a pregnant woman in the 26th gestational week. The fetus model consists of six organs including fetal body, fetal brain, fetal eyes, amniotic fluid, placenta, and uterus wall. Next, the abdomen of the Model A is expanded following the standard shape and structure of the pregnant woman. Finally, these two models are combined and adjusted following the comments from medical doctors. In addition, the more detailed explanations regarding the development of pregnant woman model are described in [15] .
Figures 1(a) and (b) show Model A and B, respectively. These high resolution models are composed of 2 mm × 2 mm × 2 mm cubical voxel. The physical properties of these models are determined from [13] , [21] - [23] , except dielectric properties of fetal brain and fetal body. Here, it has been found that dielectric properties at microwave frequency band depended on tissue water contents [24] . Consequently, the dielectric properties of fetal brain and fetal body adjusted to account for the higher water content in comparison with similar adult tissues. These properties were decided with correction method by the difference of water content in the tissue. The procedure for determining values were previously discussed by Hand et al. [13] . Table 1 summaries a part of the parameters around the abdomen of pregnancy and her fetus.
Calculation Models of RF Coil
In this paper, a birdcage coil is employed as one of the most fundamental RF coils for MRI system. The birdcage coil is often used as both the transmission of RF pulse and re- ception of NMR signal, and is categorized into two types by the difference of the position of loaded capacitors; one is a highpass birdcage coil, and the other is a lowpass birdcage coil [1] . Figures 2(a) and (b) show the highpass birdcage coil with RF shield and lowpass birdcage coil with RF shield, respectively. The operating frequency of the coil is around 64 MHz in both cases, which is used in the generic 1.5 T MRI systems to excite the nuclei in the human body for imaging. These coils consist of two end rings and eight legs, whose widths are 10 mm, and are composed of perfect electric conductors for calculations. The diameter and the length of the coil are 600, 700 mm, respectively, so that the realistic woman model can be inserted. In order to reduce radiation of RF energy to outside of the coil, the coils are surrounded by RF shield which is also modeled as perfect electric conductor. A cylindrical RF shield, with an internal diameter of 740 mm and a length of 1,260 mm, has been located lateral to the coil. The dimensions of the coil and the RF shield were determined based on [13] , [14] , [25] . Here, the capacitors were loaded into the end rings on the highpass birdcage coil in Fig. 2(a) , and into the legs on the lowpass birdcage coil in Fig. 2(b) . In order to determine the capacitances, "birdcage builder [26] ," which calculates the resonance frequency of the birdcage coil by the equivalent electrical circuit model, was employed. Values for capacitors to resonate both coils at 64 MHz were 15.27 pF for the highpass birdcage coil and 4.47 pF for the lowpass birdcage coil. In addition, two feeding points were employed in these calculations and the phase difference between two ports is 90 degree. This excitation method is called "Quadrature excitation" and can generate clear MR image by using circular polarized field [1] . Figure 3 indicates FDTD calculation model including the realistic woman model. As an example of the model, the Model B is inserted into highpass birdcage coil. There are several possibilities for the coil position, because it is considered that the position of the coil is not the same for each imaging. Previously, the relationship of several position of the RF coil to the SAR was calculated [27] . However, in this paper, the coil was placed the center of uterus in Model A, and placed center of fetal brain in Model B. In order to calculate the whole-body of the woman models, a large analytical region was required and a super technical server (Hitachi SR11000) in the Institute of Media and Information Technology, Chiba University was employed. In the numerical calculations, the uniform grid size inside of the shield including the woman model is 2.0 mm. The non-uniform mesh is used for the outside of the shield, because most of the EM waves are not emitted outward by the shield. The parameters used in the FDTD calculations are listed in Table 2 . In addition, steady state analysis is performed by enforcing a continuous sinusoidal wave of electric field on the feeding gaps to calculate the SAR distribution in the model. Moreover, the coordinate origin is the center of calculation model. In the previous study, we investigated on the SAR evaluation inside the tissue-equivalent solid phantom using surface coil, the effectiveness of calculation technique is confirmed by comparison with an experiment result [28] . 
Numerical Calculation Model
SAR Distribution in the Abdomen of Pregnant Woman Models
In the actual MRI system, the various pulse sequences are employed according to the imaging region and type. However, in this paper, the SARs in the pregnant woman and her fetus were calculated by exciting the continuous sinusoidal wave at feeding point, because the radiation power of each pulse sequence was not clear. Here, in order to simplify conversion of radiation power, the SAR values are normalized by 1.0 W radiation power from the coil in all cases. In addition, the radiation power was calculated by a surface integral of poynting vector on closed surface surrounding the coil. 
Comparison of the SAR Distributions in Model
(a)-(d). In this paper, Model
A (the non-pregnant woman model) is assumed as the early period of pregnancy. Therefore, the SAR inside the uterus and ovary were observed in place of fetal tissue, because the fetus or embryo was very small in the early period [29] . As shown in Figs. 4(b) and (d), the SAR distributions on the coronal plane are observed unsymmetrical tendency in comparison with the left side (−225 mm < z < 0) and right side(0 < z < 225 mm). Moreover, it was confirmed that a tendency of the SAR distribution changes when we observe the coronal plane of other positions. Because it was considered that the tendency is influenced by two points of feeding, a symmetry of SAR distributions was confirmed in the case of one point of feeding model. Moreover, from Figs. 4(a)-(d), relatively high SAR values are observed around the skin, muscle, etc which have a high electrical conductivity and located close to the surface of the maternal body. The tendency can be confirmed in Figs. 4(e)-(h), except fat tissue which is low electrical conductivity. Moreover, a high SAR values are observed inside the thigh (x = 0, −100 < z < −300 mm in Figs. 4(b) and (d)) and armpit (x = ±200 mm, z = 400 mm in Figs. 4(b) and (d) ). This is due to the concentrated electric field at those narrow gaps. In comparison with the SAR distributions due to the EM energy from the highpass and lowpass birdcage coil, we observed comparatively high SAR values in the vicinity of each positions of feeding point and loaded capacitor. Here, according to the result that confirmed all SAR distributions, it was found that this phenomenon is dependent on whether an electric field concentrates on existing gap of the human body and a coil.
Meanwhile, the SAR in the uterus and the ovary (around 15 < y < 60 mm, −50 < z < 50 mm in Figs. 4(a) and (c), around −40 < x < 25 mm, −50 < z < 50 mm in Figs. 4(b) and (d) ) are low compared to the maternal surface of skin and muscle tissue. In addition, low SAR value is observed at the uterus (around 15 < y < 60 mm in Figs. 4(e) and (f), around −40 < x < 25 mm in Figs. 4(g) and (h) ) due to the attenuation of EM energy in the muscle tissue (−150 < x < −80 mm, 80 < x < 140 mm in Figs. 4(f) and (h) ). Moreover, compared with the SAR in the uterus and the ovary by different coil type, it is observed that there is hardly a difference. From these result, it has been confirmed that the SARs in the uterus and the ovary are low, because these areas are placed in deep region of the body. (d) ). In addition, as the Figs. 5(e)-(h) indicate, it has found that the SAR in the amniotic fluid near the fetal tissue is relatively high. This is because the electrical conductivity of amniotic fluid is almost 1.5-2.0 times higher than other tissues, as listed in Table 1 . In addition, the SAR distributions around the boundary of each tissue were precipitously varied due to the heterogeneous structure.
However, the SAR in the fetus (around −20 < y < 50 mm at Figs. 5(e) and (g), around −50 < x < 15 mm in Figs. 5(f) and (h)) is the low, which is compared to the values of maternal body. Moreover, maximum SAR value within fetus is less than 1.0% of that of the maternal body. From these results, it has been confirmed that the SAR in the fetus is attributed to the attenuation of EM energy in the amniotic fluid which is high conductivity. Here, we focused attention on the power deposition of amniotic fluid, and the power deposition of the amniotic fluid for the total values was cal- culated. As a result, these values were 7% in highpass birdcage coil and 5% in lowpass birdcage coil. Therefore, in the case of the temperature rise analysis, we considered that it is necessary to examine the effect of the amniotic fluid. Figure 6 illustrates the calculated results of whole-body average SAR and fetus or uterus average SAR inside the Models A and B. The comparisons of the average SAR by the differences among types of coils and models are shown below.
Whole-Body and Fetal Average SAR
1) Comparison with the average SAR of two types of coils
In both Model A (assumed early period pregnancy) and Model B (26th gestational week pregnant woman), wholebody average SARs employing a highpass and lowpass birdcage coil are almost the same value. This is because the coil dimension which is an EM wave source to irradiate for the human body is same. However, the uterus average SAR in Model A of lowpass birdcage coil is higher than that of highpass birdcage coil. This is because the positions of uterus and ovary in the calculation model approached feeding gaps and gaps of loaded capacitor. In Model B, fetus average SARs have no so much of a difference between highpass and lowpass birdcage coil. This is due to the attenuation of EM energy in the amniotic fluid existing around the fetus.
2) Comparison with the average SAR of two types of pregnant woman models As shown in Fig. 6 , the uterus and the fetus average SARs are lower than whole-body average SARs in each case. This is because the fetus and uterus are located at deep region in the maternal body. Moreover, whole-body average SAR in Model A is higher than that in Model B. Here, the weight of these models are 52.4 kg (in Model A) and 58.8 kg (in Model B), respectively. From these results, it has been suggested that whole-body average SAR depend on weight of human body, when irradiation source of the EM wave was the same size as the coil. side the Model B are included with more than 80% for the calculation of peak average SAR. In addition, in order to compare with restriction value of the IEC 60601-2-33 [7] , the SAR values are normalized to the whole-body average SAR limit, which is 2 W/kg and 4 W/kg for normal operating mode, first level controlled operating mode, respectively. These limits are cited threshold of temperature rise inside the body. Here, the normal operating mode is an exposure level without any physiological stress to the patient, and is suitable for all patients. In contrast, first level controlled operating mode is exposure level that may cause physiological stress to the patient, so, medical supervision of the patient is required. Therefore, it is necessary to investigate the SAR with both modes.
As Fig. 7 indicates, at the normal operating mode (in the case of 2 W/kg on whole-body SAR), 10 g average SARs in the uterus and ovary, and in the fetus are below the limit of 10 W/kg. At the first level controlled operating mode (in the case of 4 W/kg on whole-body SAR), 10 g average SARs are also lower than limit of 10 W/kg. Currently, a threshold of adverse effects associated with EM exposure has not been expressly established for fetuses and embryos. Therefore, it may not be appropriate to estimate as the existing restriction. However from these results, it has confirmed that, the peak 10 g average SARs in the fetus are below the limit in IEC standard under the both operating mode.
Conclusions
In this paper, the SAR distributions of two types of woman models (pregnant woman in early period and 26th gestational week woman), which were inserted into two types of birdcage coils, were calculated during MR imaging. The two models of RF coil operate as transmitter and receiver for MR imaging were used; one was a highpass birdcage coil, and the other a lowpass birdcage coil. The summary from the two perspectives are indicated as follows.
1) Local SAR
In order to estimate about the peak SAR of fetal and maternal body, whole-body voxel models were employed. The comparatively high SARs were observed in the muscle and the skin. Especially a high SAR values were observed inside of the armpit and thigh because of existing narrow gap between the tissues. Moreover, the low SAR values were observed around the uterus (for the early period model) and the fetus (for the 26th gestational week model). In addition, it was found from the result that peak SAR values of uterus and fetus are less than 1.0% in comparison with that of maternal body.
2) Average SAR and 10 g average SAR The average SARs and 10 g average SARs in the pregnant woman models were also investigated. As a consequence, it has been confirmed that fetus and uterus average SARs are less than 30-70% of whole-body average SAR. Subsequently, to compare 10 g average SAR with restriction values in IEC 60601-2-33, the SAR values were normalized to two types of whole-body average SARs; one was 2 W/kg for normal operating mode, and the other was 4 W/kg for first level controlled operating mode. At normal operating mode, 10 g average SARs in the fetus are less than 8-30% of the restriction value which is 10 W/kg for adult threshold. At first level controlled operating mode peak 10 g average SARs in the fetus are less than 17-60% of 10 W/kg.
It is not clear about the affect for fetus exposed to EM waves during MR imaging, because the safety guideline for the fetus has not been established. However, several studies reported the results that thermal effect of the fetus causes growth delay and developmental defect [31] , [32] . Therefore, as further study, temperature rise in the fetus due to the RF pulse radiation will be investigated to compare with the threshold dose described in literatures. In addition, the uncertainty assessment on SAR inside fetus will be performed during MR imaging.
